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® An optically switchable device (1) has a 
heterostructure (2) defining a first potential well (3) 
separated by a barrier layer (4) from a second 
potential well (5) which provides an electron energy 
level (es) which is lower in electron energy than the 
lowest electron energy level (es) of the first potential 
well (3). The barrier layer (4) provides an intermedi- 
ate electron energy level (eO and is sufficiently thick 
to inhibit tunnelling of holes from the first (3) to the 
second (5) potential well. The barrier layer (4) thus 
confines holes of electron-hole pairs generated in 
the first potential well (3) by an incident optical beam 
to the first potential well (3) whilst facilitating transfer 
of the electrons from the first potential well (3) to the 
second potential well (5) via the intermediate elec- 
tron energy level (oa) provided by the barrier layer 
(4). 
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This invention relates to an optically switchable 
device comprising a heterostructure defining a first 
potential well separated by a barrier layer fronn a 
second potential well which provides an electron 
energy level which is lower in electron energy than 
the lowest electron energy level of the first poten- 
tial well. 

Such an optically switchable device is de- 
scribed in an article by B. Deveaud et al entitled 
'An ultra-fast Optical f^odulator: the Double-Well 
GaAs/GaAIAs Superlattice (DWSL)' published at 
pages 101 to 103 of the proceedings of the High 
Speed Electronics International Conference 1986. 

As described in the aforennentioned article, the 
second potential well is wider than the first poten- 
tial well so as to provide an electron energy level 
lower in electron energy than the lowest electron 
energy level of the first potential well and the first 
and second potential wells are closely associated 
through a thin barrier layer. The relatively narrow 
first potential well is used as the optically active 
part of the device where the excitonic absorption 
can be bleached or saturated very rapidly by an 
external light source or optical beann. This enables 
the device to be used as an optical switch which 
normally absorbs light at the wavelength of the 
exciton resonance but which allows transmission of 
such light when the exciton absorption is bleached 
or saturated, that is when the energy levels of the 
first potential well are filled by the photo-generated 
carriers. 

In the device described in the aforementioned 
paper, the relatively wide second potential well is 
very closely associated with the first potential well 
and rapidly traps excess carriers in a time typically 
less than lOps (picoseconds) allowing the optical 
device to return rapidly to the normal steady state 
in wtiich the exciton resonance is restored when 
the optical beam which caused the exciton bleach- 
ing is switched off or its power density level re- 
duced below that sufficient to sustain bleaching. 
However, because of the fact that the excess car- 
riers rapidly recombine, an optical beam with a 
very considerable power density level is required in 
order to achieve the desired exciton bleaching. 
Where large parallel arrays of such optical devices 
are desired, for exeimple for optical computing or 
image or optical data processing, then the dissipa- 
tion of the large amount of heat generated by such 
high power density levels can present problems. 

According to a first aspect of the present in- 
vention, there is provided an optically switchable 
device comprising a heterostructure defining a first 
potential well separated by a barrier layer from a 
second potential well which provides an electron 
energy level which is lower in electron energy than 
the lowest electron energy level of the first poten- 
tial well, characterised in that the barrier layer is 



formed so as to provide an intermediate electron 
energy level which is lower in electron energy than 
the lowest electron energy level of the first poten- 
tial well but higher in electron energy than the 
5 lowest electron energy level of the second potential 
well and the barrier is being sufficiently thick to 
inhibit tunnelling of holes from the first to the 
second potential well for confining holes of 
electron-hole pairs generated in the first potential 

10 well by an incident optical beam to the first poten- 
tial well whilst facilitating transfer of the electrons of 
the electron-hole pairs from the first potential well 
to the second potential well via the intermediate 
electron energy level provided by the barrier layer. 

75 Thus, in an optically switchable device in ac- 

cordance with the invention, the transfer of elec- 
trons from the first potential well to the second 
potential well is facilitated by the intermediate elec- 
tron energy level provided by the barrier layer 

20 which however continues to provide a potential 
barrier to the transfer of holes from the first poten- 
tial welt to the second potential well thus enabling 
the electrons and holes to be well separated so 
inhibiting recombination. 

25 An optically switchable device in accordance 

with the invention may thus allow exciton bleaching 
or saturation to be achieved without the need for 
the high power density levels required by the de- 
vice described in the paper by Deveaud et al. 

30 Thus by directing an optical beam of relatively 

lowpower density, for example 1 (one) Wcm~^ 
(watt per centimetre^), at the heterostructure suffi- 
cient electron-hole pairs can be generated and 
sufficient electrons transferred via the intermediate 

35 electron energy level provided by the barrier layer 
to result in bleaching of at least one exciton reso- 
nance of the heterostructure. usually the electron- 
heavy hole (e-hh). and the electron-light hole (e-lh) 
resonance, of the second potential well. Recom- 

40 bination of electrons and holes so as to reinstate 
the exciton resonance is controlled by the time 
taken for holes to tunnel through the barrier layer 
which time is determined at least in part by the 
thickness of the barrier layer and may. typically, be 

45 about 0,5 to luS (microsecond). 

The present invention provides, in a further 
aspect, an optical switching apparatus comprising a 
device in accordance with the first aspect, means 
for directing at the heterostructure an optical beam 

50 with a wavelength for generating electron hole pairs 
in the first potential well and means for controlling 
the power density of the optical beam provided by 
the directing means for switching the optical beam 
between a first relatively low power density insuffi- 

55 cient to cause exciton bleaching and a second 
relatively high power density for causing sufficient 
electron-hole pairs to be generated such that elec- 
trons transfer from the first potential well to the 
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second potential well to cause bleaching of at least 
one exciton resonance of the heterostructure to 
allow transmission through the heterostructure of 
an optical beam with an energy equivalent to or 
greater than that of the exciton resonance. 

In another aspect, the present invention pro- 
vides a method of controlling the absorption of a 
device in accordance with the first aspect, which 
method comprises directing at the heterostructure 
an optical beam with a wavelength for generating 
electron hole pairs in the first potential well and 
controlling the power density of the optical beam 
so as to switch the optical beam between a first 
relatively tow power density insufficient to cause 
exciton bleaching and a second relatively high 
power density for causing sufficient electron-hole 
pairs to be generated such that electrons transfer 
from the first potential well to the second potential 
well to cause bleaching of at least one exciton 
resonance of the heterostructure to allow transmis- 
sion through the heterostructure of an optical beam 
with an energy equivalent to or greater than that of 
the exciton resonance. 

Thus, using such apparatus or method enables 
an optical beam to be switched or modulated by 
the heterostructure by adjusting the optical power 
- density incident on the heterostructure. This adjust- 
able optical power density may be provided by a 
separate control optical beam which thus serves to 
. switch and modulate an input optical beam or may 
be provided by the optical beam which is itself 
being switched so that transmission of the input 
optical bearr) is controlled by its own power den- 
sity. 

Such optical switching apparatus has applica- 
tions in the area of optical computing or image 
processing and may be particularly advantageous 
where large parallel arrays of such optical devices 
are required because the low power densities re- 
quired to achieve switching result in less heat be- 
ing generated in the array than with parallel arrays 
of known devices such as SEEDs and so should 
reduce the problem of dissipating such heat. 

In another example, the heterojunction may 
form the conduction channel region of a high elec- 
tron mobility semiconductor device, for example a 
field effect transistor. In this example, the second 
potential well will provide the conduction channel of 
the high mobility semiconductor device and the 
conduction channel electrons will be provided by 
the electrons of electron-hole pairs photo-gener- 
ated by an appropriate optical beam, which elec- 
trons transfer from th first potential well via the 
intermediate electron energy level provided by the 
barrier layer separating the first and second pot n- 
tial wells. In practice there may be many first and 
second potential wells so that a series of parallel 
conduction channels are provided by the second 



potential wells thereby increasing the current carry- 
ing capability of the device. 

Where an optically switchable device in accor- 
dance with the invention provides a high mobility 

5 semiconductor device in which the heterostructure 
forms the conduction channel region, the possibility 
of scattering of the conduction charge carriers by 
dopant impurities is even less than in the case 
disclosed in for example US Patent (US-A- 

10 )4 163237 which describes the phenomenon of so- 
called 'modulation doping*. Thus, in US-A-41 63237 
conduction occurs in narrow bandgap material po- 
tential wells by means of charge carriers provided 
by virtue of the doping of the wide bandgap barrier 

/5 layers bounding the narrow bandgap potential well 
layers. By thus separating the conduction charge 
carriers from the dopant impurities which provide 
the conduction charge carriers, the possibility of 
scattering, and thus a reduction in the mobility, of 

20 conduction charge carriers is reduced. However, 
the presence of the dopant impurities in the barrier 
layers bounding the potential wells still results, 
particularly at low temperatures, in some scattering, 
and thus a reduction in mobility, of the charge 

25 carriers in the potential wells. 

In contrast to the situation described in US-A- 
41 63237. the conduction charge carriers for the 
conduction channel region of a high electron mobil- 
ity device in accordance with the present invention 

30 are provided from the first potential well via the 
intermediate electron energy level provided by the 
barrier layer separating the first and second poten- 
tial wells. Accordingly, the source of the conduction 
charge carriers is well separated from the conduc- 

35 tion channel so reducing the possibility of scatter- 
ing of the conduction electrons and further improv- 
ing their mobility along the conduction channel(s) 
provided by the second potential well(s). 

In addition because the electrons are provided 

40 in the first potential well by photogeneration of 
electron-hole pairs, there is no necessity for any 
intentional doping of either the potential wells or 
the barrier layers and accordingly the possibility of 
scattering of the conduction electrons being caused 

45 by dopant impurities is significantly reduced so 
leading to significant improvements in electron mo- 
bility in the conduction channel provided by the 
each second potential well. 

Again, an optical beam of relatively low power 

50 density, for example 1 (one) Wcm~2 (watt per 
square centimetre) may be used to provide 
electron-hole pairs in the first potential well so that 
sufficient electrons transfer via the intermediate 
electron energy level provid d by the barrier layer 

55 to the second potential well. 

The differences in the energy levels of the first 
and second potential wells may be achieved by 
forming the first potential well as a relatively narrow 
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potential well and the second potential well as a 
relatively wide potential well. In such circum- 
stances, the first and second potential wells may 
be formed of the same material and the electron 
^ energy levels controlled by controlling the respec- 
tive thicknesses of the first and second potential 
wells. In such a case, the first and second potential 
wells may comprise layers of gallium arsenide and 
the barrier layer may comprise a layer of alumin- 
ium arsenide. In this case, the first potential well is 
generally less than 3.5nm (namometers). typically 
2.5nm, wide whilst the second potential well is 
generally greater than 3.5nm, typically 5nm, wide. 
The barrier layer generally has a thickness greater 
than 2.5nm, typically 8nm. Alternatively or addition- 
ally, the first and second wells may be formed by 
layers of different semiconductor material bounded 
by barrier layers so as to facilitate the provision 
within the second potential well of an electron 
energy level lower in electron energy than the 
lowest electron energy level of the first potential 
well. This should enable greater flexibility in the 
difference in energy levels which may be achieved. 

Conveniently, the heterostructure defines a plu- 
rality of first and second potential wells. The 
heterostructure may comprise, in respect of the or 
each second potential well, a third potential well 
separated by a further barrier layer from the sec- 
ond potential well, the third potential well providing 
an electron energy level which is lower in electron 
energy than the lowest electron energy level of the 
second potential well and the further barrier layer 
being formed so as to provide an intermediate 
electron energy level whk;h is lower in electron 
energy than the lowest electron energy level of the 
second potential well but higher in electron energy 
than the lowest electron energy level of the third 
potential well for facilitating transfer of the electrons 
from the second potential well to the third potential 
well via the intermediate electron energy level pro- 
vided by the further barrier layer which is suffi- 
ciently thick to inhibit tunnelling of holes from the 
second to the third potential well. This should en- 
able the electrons and holes to be even further 
separated and may induce, by virtue of this separa- 
tion, sufficiently high internal electron fields to re- 
sult in electron field induced energy level shifts 
enabling the heterostructure to be used as an op- 
tical switching device in which electric field induced 
energy level shifts control the transmission through 
the heterostructure of an appropriate optical beam. 

Th' provision of a third potential well to which 
transfer of the electrons is facilitated may, by fur- 
ther inhibiting the recombination of electrons and 
holes, enable switching of an optical beam by 
bleaching of at least one exciton resonance to be 
achieved at even lower power densities than with a 
heterostructure having only the first and second 



potential wells. In addition, where the heterostruc- 
ture forms the conduction channel region of a high 
electron mobility device, then the incorporation of a 
third potential well which separates the electrons 
5 and holes even further may further reduce the 
possibility for scattering of the conduction channel 
electrons. 

Embodiments of the invention will now be de- 
scribed, by way of example, with reference to the 

10 accompanying drawings, in which: 

Figure 1 illustrates schematically an energy 
band diagram. for an optically switchable device 
in accordance with the invention; 
Rgures 2a and 2b are graphs showing sche- 

75 matically part of the absorption spectrum of an 
optically switchable device in accordance with 
the invention for illustrating the effect of an 
incident optical beam of sufficient power den- 
sity; 

20 Figure 3 illustrates schematically a first embodi- 
ment of an optical switching apparatus in accor- 
dance with the invention, with the optically 
switchable device shown in cross-section; 
Figure 4 is similar to Figure 3 and illustrates 

25 schematically a modified version of the optical 
switching apparatus shown in Figure 3; 
Figures 5a and 5b are graphs for illustrating the 
effect on the absorption spectrum of an optically 
switchable. device in accordance with the inven- 

30 tion of different levels of incident optical power 
density; 

Figure 6 is a schematic energy band diagram 
for a further embodiment of a optically switcha- 
ble device in accordance with the invention; 

35 Figure 7 illustrates schematically a further em- 
bodiment of an optical switching apparatus in 
accordance with the invention using an optically 
switchable device having the energy band dia- 
gram shown in Figure 6 and with the optically 

40 switchable device shown in cross-section. 

Figure 8 illustrates schematically and in part 
broken-away cross-section a first embodiment of 
an optically switchable device comprising a high 
mobility semiconductor device in accordance 

45 with the invention in combination with an optical 
beam source: and 

Figure 9 illustrates schematically and in part 
broken-away cross-section a second embodi- 
ment of an optically switchable device compris- 
50 ing a high mobility semiconductor device in 
accordance with the invention in combination 
with an optical beam source. 
It should be understood that Figures 1 to 4 and 
6 to 9, in particular, are merely schematic and are 
55 not drawn to scale. In particular certain dimensions 
such as the thickness of layers or regions may 
have been exaggerated whilst other dimensions 
may have been reduced. It should also b under- 
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stQod that the same reference numerals are used 
throughout the Rgures to indicate the same or 
similar parts. 

. Referring now to the drawings, for example, 
Figures 1 to 3. an optically switchable device 1 
(Figure 3) comprises a heterostructure 2 defining a 
first potential well 3 separated by a barrier layer 4 
from a second potential well 5 which provides an 
electron energy level es (Figure 1) which is lower 
in electron energy than the lowest electron energy 
level 63 of the first potential well 3. 

In accordance with the invention, the barrier 
layer 4 is formed so as to provide an intermediate 
electron energy level e* which is lower in electron 
energy Eg than the lowest electron energy level e3 
of the first potential well 3 but higher in electron 
energy Eg than the lowest electron energy levei es 
of the second potential well 5 and the barrier layer 
4 is sufficiently thick to inhibit tunnelling of holes 
from the first 3 to the second 5 potential well for 
confining holes of electron-hole pairs generated in 
the first potential well 3 by an incident optical beam 
to the first potential well 3 whilst facilitating transfer 
of the electrons of the electron-hole pairs from the 
first potential well 3 to the second potential well 5 
via the intermediate electron energy level e* pro- 
- vided by the barrier layer 4. 

Thus, in such an optically switchable device, 
the transfer of electrons from the first potential well 
- 3 to the second potential well 5 is facilitated by the 
intermediate electron energy level e* provided by 
the barrier layer 4. The barrier layer 4 however 
inhibits transfer of holes from the first potential well 
3 to the second potential well 5. This enables 
electrons and holes to be well separated and inhib- 
its recombination because this will be dependent 
on holes tunnelling through the barrier layer 4 to 
reach the second potential well 5. 

Accordingly in the examples to be described 
below with reference to Rgures 1 to 7, when an 
optical beam is incident on the heterostructure 2 
with an energy and wavelength suitable for causing 
photogeneration of electron-hole pairs in the poten- 
tial wells 3 and 5, the photogenerated electrons will 
tend to be transferred to the second potential well 
5. If the number of electrons transferred to the 
second potential well 5 is sufficiently high to fill an 
electron energy level es the corresponding exciton 
resonance will ' be bleached. Although 
photogenerated electron-hole pairs remaining in the 
first or the second potential well 3 or 5 may rapidly 
recombine, the electrons which have transferred to 
the second potential well 5 from the first potential 
well 3 via the intermediate electron energy level e* 
provided by the barrier layer 4 are separated from 
their corresponding photogenerated holes which re- 
main in the first potential well 3. Th recombination 
of these separated electrons and holes . will be 



governed by the time taken for the holes to tunnel 
through the barrier layer 4 which, as will be dis- 
cussed below, may be of the order of micro- 
seconds. 

5 Because the separated electrons and holes 

cannot readily recombine. an optical beam of rela- 
tively low power density, typically of the order of 
one Wcm~2 (watt per centrimetre 2), is sufficient to 
cause enough electrons to be transferred to the 

10 second potential well 5 to fill the electron energy 
level es and so, as will be explained below, bleach 
at least the electron-heavy hole (e-hh) exciton reso- 
nance and the electron-light hole (e-!h) exciton res- 
onance of the second potential well 5. so enabling 

IS transmission through the heterostructure 2 of an 
optical beam having a wavelength equivalent to or 
greater than in energy than the exciton resonance. 

The optically switchable device may thus, as 
will t)e described below, be used as an optical 

20 switch to control the transmission of an optical 
beam through the heterostructure 2. The fact that 
only a relatively low power density is required to 
achieve bleaching of the exciton resonance to en- 
able transmission of an optical beam makes the 

25 optically switchable device particularly suited for 
use in large area arrays, for example, for optical 
computing or image processing, where high in- 
cident optical power densities can otherwise cause 
heat dissipation problems. 

30 Figure 3 illustrates schematically and in cross- 

section one example of an optically switchable 
device 1 in accordance with the invention in which 
the first and second potential wells 3 and 5 are 
formed of the same material and the second poten- 

35 tial well 5 is made wider than the first potential well 
3 so as to provide an electron energy level es 
lower in electron energy than the lowest electron 
energy level 03 of the first fX)tential well 3. The 
heterostructure 2 defining the optically switchable 

40 device 1 shown in Figure 3 is grown on a substrate 
6 using conventional layer-by-layer growth tech- 
niques suitable for forming relatively thin layers of 
the order of 1 to lOOnm. for example molecular 
beam epitaxy (MBE). metal organic vapour phase 

45 epitaxy (MOVPE) or a related method. In this ex- 
ample, the substrate 6 comprises a semi-insulating 
monocrystalline gallium girsenide (GaAs) substrate 
although any other suitable lll-V semiconductor 
substrate could be used for example an indium 

50 phosphide (InP) or gallium antimonide (GaSb) sub- 
strate could be used. 

Although not shown in Figure 3. an epitaxial 
layer of gallium arsenide is usually grown onto the 
substrate 6 to improve the morphology of the sub- 

55 sequent heterostructure. Following this buffer layer, 
a barrier layer 7 of an indirect gap material, in this 
example aluminium arsenid (AiAs) which is not- 
intentionally doped, is grown. Typically the barrier 
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layer 7 may be about lOnm in thickness. 

A thin layer of a direct bandgap material, in 
this example not-intentionally doped gallium ar- 
senide (GaAs), is then grown to form the first 
.potential well 3. The first potential well 3 has a 5 
thickness which is typically less than 3.5nm and 
greater than 1.9nm, generally 2.5nm. The barrier 
layer 4 is then formed as a layer of an indirect 
bandgap material again, in this example, not-inten- 
tionally doped AlAs with a thickness, in this exam- 10 
pie, of 8nm, followed by the second potential well 5 
which in this example is formed of not-intentionally 
doped gallium arsenide and is typically greater 
than 3.5nm wide, preferably 5nm wide. A final 
barrier layer 8, again of not-intentionally doped is 
AlAs, is then provided to complete the heterostruc- 
ture 2. The final barrier layer 8 may typically be 
about lOnm thick. 

Figure 1 iltustrates schematically the energy 
band diagram for the heterostructure shown in Rg- 20 
ure 3 with, as is conventional. Ec representing the 
conduction band and Ev the valence band of the 
heterostructure 2. The arrow labelled Ee indicates 
the direction of increasing electron energy whilst 
the arrow labelled Eh indicates the direction of 25 
increasing hole energy. It will of course be appre- 
ciated that although only single hole energy levels 
ha, hs have been shown, each of these levels 
represents a light hole and a heavy hole level with 
the heavy hole energy level being of lower hole 30 
- energy in each case. 

As can clearly be seen from Figure 1, the 
GaAs first potential well 3 forms a type II structure 
with the AlAs barrier layers 4 and 7, that is the 
lowest electron energy level 03 of the GaAs first 35 
potential well 3 is higher in electron energy than 
the X minima of the indirect gap AlAs barrier layer 
4. Thus, although the first potential well 3 serves to 
confine holes, electrons within the first potential 
well may rapidly transfer to the intermediate en- 4o 
ergy level e^ provided by the X minima of the AlAs 
barrier layer 4. 

The GaAs second potential well 5. being wider 
than the first potential well 3. has an electron 
energy level es which is lower in electron energy 45 
than the intermediate electron energy level e^ of 
the barrier layers 4 and 8. Accordingly, the wider 
second potential well serves to confine both elec- 
trons and holes- 

Although Figures 1 and 3 show the 50 
het restructure 2 as consisting of only one first 
potential well 3 and one second potential well 5, in 
practice there may be many first and second po- 
tential wells 3 and 5 separated by barrier layers 
similar to the barrier layer 4. 55 

Figure 4 illustrates schematically and in part 
cut-away cross-section a modified optically 
switchable device 10. In the modified device 10 



shown in Figure 4. the heterostructure 20 provides 
a plurality of first and second potential wells 3 and 
5 with each first potential well 3 being positioned 
between two second potential wells 5 and sepa- 
rated from the second potential wells 5 by barrier 
layers 4. 

In the example shown in Figure 3 where the 
first potential well 3 has a second potential well 5 
on only one side, the barrier layer 7 may be 
formed of a different material from the barrier lay- 
ers 4 so that the barrier layer 7 does not provide 
an electron energy level lower in electron energy 
than the first potential well 3' thereby inhibiting 
transfer of electrons to the barrier layer 7. Alter- 
natively, the heterostructure 2 shown in Figure 3 
may be modified to provide a further second po- 
tential well 5. separated by a barrier layer 4 from 
the first potential well 3, on the other side of the 
first potential well 3. 

As shown in Figures 3 and 4. a window 60 is 
formed through the substrate 6 of the optically 
switchable device 1 or 10 to enable transmission of 
light through the optically switchable device. 

As mentioned atwDve, an optically switchable 
device 1 or 10 |n accordance with the invention 
facilitates the transfer of electrons of photo-gen- 
erated electron-hole pairs from the first potential 
well 3 to the second potential well 5 via the inter- 
mediate energy level 04 provided by the barrier 
layer 4 whilst confining the holes of the photo- 
generated electron-hole pairs to the first potential 
well 3. 

Thus, when an optical beam with an appro- 
priate wavelength (of the order of 750nm for the 
structure described above) equivalent to an energy 
h*' equal to or greater than the electron-heavy hole 
(e-hh) exciton resonance of the first potential well 3 
is incident on the heterostructure 2 or 20, electron- 
hole pairs are generated in the first potential well 3. 
Of course, because the second potential well 5 is 
wider than the first potential well 3 and provides a 
lower electron energy level, the incident optical 
beam will also cause photogeneration of electron- 
hole pairs in the second potential well 5. Normally, 
the photogenerated electrons and holes would re- 
combine relatively rapidly and this will be the case 
for the photogenerated electrons and holes pro- 
duced in the second potential well 5. 

However, as mentioned above, the barrier layer 

4 provides an electron energy level e* which is 
lower in electron energy than the lowest electron 
energy level 03 of the first potential well 3 and so 
facilitates transfer of photogenerated electrons from 
the first potential well 3 to the second potential well 

5 via the intermediate electron energy level e* 
provided by the barrier layer 4. 

However, the lowest hole energy level h4,of the 
barrier layer 4 is sufficiently thick to inhibit tunnel- 
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ling of holes from the first potential well 3 to the 
second potential well 5 and accordingly the 
photogenerated holes produced in the first potential 
well 3 remain confined in the first potential well 3. 
The transferred electrons are thus separated from 
their corresponding photogenerated holes and the 
time for recombination of these electrons and holes 
is governed by the time taken for the holes to 
tunnel from the first potential well 3 to the second 
potential well 5. This time is determined at least in 
part by the thickness of the barrier layer 4 and for 
the material system given above where the barrier 
layer is 8nm thickness then the recombination time 
may be, typically, of the order of 0.5 to a few 
microseconds. 

In the example given above where the barrier 
layer 4 is formed of AlAs and the potential wells 3 
and 5 are formed of GaAs, the barrier layer has a 
thickness of Bnm. Generally speaking, depending 
upon the material system, the barrier layer 4 
should be at least 2.5nm thick and in any case 
sufficiently thick to inhibit tunnelling of holes from 
the first to the second potential wells. 

Because the electrons transferred from the first 
potential well 3 to the second potential well 5 
cannot readily recombine with holes, a high popula- 
tion of electrons can be built up in the second 
potential well 5 relatively easily and only a low 
power density, typically of the order of 1 Wcm"^. is 
" required for the incident optical beam to generate 
sufficient electrons which are transferred to the 
second potential well 3 to cause bleaching of at 
least the electron-heavy hole (e-hh) and the 
electron-light hole (e-lh) exciton resonance of the 
second potential well 5, so allowing transmission 
through the heterostructure 2 or 20 of an optical 
beam with a wavelength equivalent in energy terms 
to the exciton resonance of the second potential 
well 5. There may also be some bleaching of the 
electron-heavy hole exciton resonance of the first 
potential well 3. However the first potential well 3 
may still absorb at wavelengths equivalent or great- 
er in energy terms to the electron-light hole reso- 
nance of the first potential well 3. 

Figures 2a and 2b are schematic graphs of 
absorption a against energy (h^) in electron volts 
eV, not drawn to scale, to illustrate diagrammati- 
cally the effect on the absorption spectrum Of the 
heterostructure 2 or 20 shown in Figure 3 or Figure 
4 of an incident optical beam of appropriate 
wavelength and power density. 

Figure 2a illustrates the absorption spectrum of 
the heterostructure 2 or 20 when no optical beam 
(or an optical beam of insufficient power density) is 
incident on the heterostructure 2 or 20. As can be 
seen the spectrum provides four main absorption 
peaks, peaks A and B being the electron-heavy 
hole (e-hh) and electron-light hole (e-lh) exciton 



resonance of the second potential well 5 and peaks 
C and D being the electron-heavy hole (e-hh) and 
electron-light hole (e-lh) exciton resonances of the 
the first potential well 3. As shown, peaks C and D 
5 are of course at higher energies and somewhat 
broader than peaks A and 8 because the first 
potential well 3 is narrower than the second poten- 
tial well 5. 

Figure 2b illustrates the situation when an op- 

70 tical beam of appropriate wavelength and power 
density is incident on the heterostructure 2 or 20 to 
cause exciton bleaching as described above. As 
can be seen from a comparison of Figures 2a and 
2b peaks A, B and C are much smaller in Figure 

75 2b than in Figure 2a so that the absorption of the 
heterostructure 2 or 20 at the wavelengths equiv- 
alent to the energies of this peaks is much re- 
duced. The effect on the electron- light hole exciton 
resonance peak D of the first potential well 3 which 

20 is at much higher energy than the other peaks A.B 
and C is rather less. 

Figures 5a and 5b illustrate the results of low 
temperature experiments carried out on a 
heterostructure similar to the heterostructure 2 or 

25 20 shown in Figure 3 or 4 in which the heterostruc- 
ture 2 or 20 was illuminated from the top surface 
(i.e. not parallel to the layers of the heterostructure) 
by a white light source and a pump optical beam 
with a wavelength of 630nm and of varible power 

30 density was also incident on the heterostructure. 
The light transmitted by the heterostructure 2 or 20 
was monitored using a spectrometer and Figures 
5a and 5b are graphs of absorption a (1-t where t 
is the transmission coefficient) against energy {hy) 

35 in electron volts (eV) for the energy range of the 
electron-heavy hole and electron light hole exciton 
peaks A and B of the second potential well 5 and 
for the electron heavy hole peak C of the first 
potential well 3, respectively. The exciton reso- 

40 nance peak for the electron-light hole of the first 
potential well 3 is, as mentioned above, at signifi- 
cantly higher energy (i.e. significantly shorter 
wavelength) and is not shown. The solid line curve 
a, dashed line curve b and dotted curve c indicate 

45 the absorption spectrum for a pump beam increas- 
ing in power density from curve a for which the 
pump beam is switched off (zero power density) to 
curve c at which the pump density is 100 Wcm"^. 
As can be seen clearly from Figures 5a and 

50 5b, the resonance peaks A,B and C become small- 
er with increasing power density of the pump beam 
and also shift slightly to higher energy. The effect 
is most significant for the electron heavy hole reso- 
nance (e-hh) of the s cond potential well 5. 

55 An optically switchable device in accordance 

with the invention has applications as an optical 
switch, for example for use in image processing or 
optical computing, and both Rgures 3 and 4 illus- 



8 



13 



EP 0 478 060 A2 



14 



trate optical switching apparatus 100 and 100a, 
respectively, comprising the respective optically 
switchable device 1 and 10, an optical beam 
source 50 of controllable power density and a 
further optical beam source 60 which may be 
switched or controlled by the optical beam source 
50. The optical beam sources 50 and 60 may be 
formed by pulsed or continuous wave (cw) lasers 
of suitable wavelength and output power densities. 
The lasers may be dye lasers or even, because of 
the low power densities required, semiconductor 
lasers. 

The optical beam source 50 is selected to 
provide at least a wavelength or range of 
wavelengths with an energy sufficient to provide 
the necessary electrons in the first potential well 3. 
that is with an energy equal to or greater than that 
of the e-hh exciton resonance of the first potential 
well 3. The further optical beam source 60 may 
provide a wavelength equivalent in energy terms to 
the e-hh or e-lh resonance of the second potential 
well 5. The output power density of the optical 
beam source 50 is controllable. 

In use of the apparatus shown in Figure 3 or 4, 
the optical beam O generated by the optical beam 
source 50 is absorbed by the heterostructure 2 or 
20 where the wavelength or wavelength range of 
. the optical beam is equivalent to an energy equal 
to or greater than the energy gap between appro- 
priate energy levels of the heterostructure 2 or 20. 
_ In particular, the wavelength or wavelength range of 
the operating optical beam O is selected so as to 
be equivalent to or greater than In energy terms, 
the electron-heavy hole exciton resonance of the 
first potential well 3 which In this example means 
that the wavelength of the operating optical beam 
O is typically 750nm for the heterostructure 2 or 20 
described above where the first and second poten- 
tial wells 3 and 5 are 2.5nm and 5nm, respectively. 

In operation of the optical switching apparatus 
shown in Figure 3 or 4, the output power density of 
the optical beam O of the optical beam source 50 
is switched between a first level which is insuffi- 
cient to cause exciton bleaching and a second 
level, of the order of 1 Wcm"^^ sufficient to cause 
exciton bleaching, so that, as will be appreciated 
from the description given above with reference to 
the graphs shown in Figures 2a and 2b and Fig- 
ures 5a and 5b. at the first power density level of 
the optical beam O significant absorption of the 
optical beam X of the further optical beam source 
occurs at the e-hh or e-lh exciton resonance peak 
A or B of the second potential well. At the second 
higher power density level, how ver, sufficient 
electrons of photogenerated electron-hole pairs 
created by the optical beam O are transferred to 
the electron energy level es of the second potential 
well 5 via the intermediate energy level 64 provided 



by the barrier layer 4 to cause bleaching of at least 
the e-hh exciton peak A and normally also the e-lh 
exciton peak B of the second potential wells so that 
the absorption by the heterostructure 2 or 20 of the 

5 optical beam X is significantly decreased. The op- 
tical beam O thus controls or modulates the inten- 
sity of the portion X* of the optical beam X trans- 
mitted by the heterostructure 2 or 20. The optical 
beam O may be used merely to switch the optical 

10 beam D on or off. for example as in an optical logic 
switch, or may be used to impress optically en- 
coded data onto the optical beam D. 

Where the operation beam source 50 provides 
an optical beam O of an appropriate range of 

;s wavelengths, then the optical beam O may be used 
to control its own transmission through the optical 
device and the further optical beam source 50 may 
be emitted. 

Such optical switching apparatus may in either 
20 case be suitable for use in optical memory devices 
or image or data processing devices. 

Using an optically switchable device in accor- 
dance with the invention, the electrons of the 
photo-generated electron-hole pairs in the first po- 
25 tential well 5 rapidly transfer from the energy level 
03 to the lower intermediate energy level 04 pro- 
vided by the indirect gap barrier layer 4 and thence 
to the second potential well 5 whilst the photo- 
generated holes remain confined in the first poten- 
30 tial well 3. The photo-generated electrons and 
holes are thus separated so inhibiting recombina- 
tion by optical or other means. The fact that recom- 
bination of photo-generated electrons and holes in 
inhibited means that bleaching of the e-hh and 
35 possibly e-lh exciton resonance peaks A and B of 
the second potential well 5 can be achieved at 
relatively low power density levels, typically 1 
Wcm~2, so enabling the output power density lev- 
els required of the optical beam source 100 to be 
40 reduced in comparison to conventional devices 
such as SEEDS. This facilitates the use of relatively 
low power semiconductor lasers and may enable 
the optical beam source 50 to be integrated in the 
same substrate 6, which would be particularly ad- 
45 vantageous where the optically switchable device is 
to be used as an optical switch in an optical 
memory or image or data processing device where 
many such switches may be required in parallel. 
Also, the fact that the power density level required 
50 to cause exciton bleaching is reduced should re- 
duce the amount of heat produced within the opti- 
cally switchable device which should reduce the 
problems involved in dissipating such heat. 

As mentioned above, recombination of the 
55 electrons and holes and thus the return of the 
exciton absorption peak to its strength before 
bleaching occurred is dependent upon the time 
taken for the holes to tunnel through the barrier 
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layer 4 which time is in turn dependent on the 
barrier thickness. Typically for the barrier thickness 
and material system described above this time 
may be of the order of a few microseconds. De- 
pending upon the desired application such a 
switching time may be acceptable or may be too 
long. However, the switching time of the optical 
device may be adjusted for a desired application 
by alterating the barrier thickness accordingly. 

Although in the example described above with 
reference to Rgures 3 or 4, the optical beam O is 
incident on the optical device 1 so as to be trans- 
verse to the layers of the heterostructure 2 or 20, it 
may be possible to direct the optical beam(s) along 
the layers in which case, there will be no necessity 
to form the window 60 In the substriate. It may also 
be possible to form the substrate 6 of a material 
which Is transparent at the operating wavelength(s). 

Figure 6 shows schematically the energy band 
diagram for a modified optically switchable device 
10b in accordance with the invention which is 
shown schematically in cross-section, part broken 
away, in Figure 7. 

As can be seen most clearly from Figure 6. the 
heterostructure 200 of the modified optically 
switchable device 10b provides a third potential 
well 9 separated from the second potential well 5a 
by a further barrier layer 4a. This heterostructure 
200 is formed, using the conventional growth tech- 
niques mentioned above, so that the further barrier 
layer 4a provides a further intermediate electron 
energy level 043 lower in electron energy than the 
lowest electron energy level esa of the second 
potential well 5a whilst the third potential well 9 
provides an even lower electron energy level ea . 

The outer barrier layers 7 and 8 may be 
formed of the same material as the barrier layers 4 
and 4a, respectively, and may again be lOnm or 
more thick. As mentioned above with respect to 
Figure 3, the barrier layer 7 may alternatively be 
formed of a different material providing a lowest 
electron energy level higher than the first potential 
well 3a so as to inhibit transfer of electrons to the 
barrier layer 7. Alternatively, the heterostructure 
200 may be formed so as to be symmetrical about 
the centre of the third potential well 9. 

Again, the heterostructure 200 may be pro- 
vided on a gallium arsenide substrate 6 and may 
be formed so that the first, second and third poten- 
tial wells 3a, 5a and 9 are of the same material and 
are of increasing thickness so as to provide the 
necessary energy levels. As in the example de- 
scribed above, the potential wells 3a.5a and 9 may 
be formed of gallium arsenide. In order to achieve 
the necessary electron energy levels the barrier 
layers 4 and 4a may be formed of aluminium 
arsenide and, for example, aluminium gallium ar- 
senide (AlxGa,.xAs) with x > 0,45. for example 



AI0.8G30.2As. respectively, with such a material sys- 
tem, the barrier layers 4 and 4a may be about 8nm 
thick whilst the potential wells 3a,5a and 9 may be 
2.5nm, 3.5nm and S.Onm respectively. 

5 In such a structure electrons photogenerated 

by an appropriate optical beam in the first potential 
well 3a rapidly transfer via the intermediate elec- 
tron energy level e* of the barrier layer 4, the 
electron energy level esa of the second potential 

10 well 5a and the further intermediate electron en- 
ergy level oi the further barrier layer 4a to the 
third potential well 9 whilst the corresponding holes 
remain confined to the first potential well 3a. In this 
case the separation of the electrons and holes is 

75 further increased and it should be possible to 
achieve bleaching of. in this case, the e-hh and 
possibly the e-lh exciton resonance of the third 
potential well 9 at even lower power density levels 
than could be achieved with the optical devices 1 

20 and 10 shown in Figures 3 and 4. Of course, the 
time required for the holes to tunnel to the third 
potential well 9 will be increased and so the time 
for the exciton resonance to return to its full 
strength after reduction of the power density of this 

25 optical beam O will be increased. 

The modified optical switching apparatus 
shown in Figure 7 operates in a manner similar to 
that described above with reference to Figures 3 
and 4 but of course the optical beam D should 

30 provide a wavelength in the region of the exciton 
resonance peaks of the third potential well 9 to 
provide for switching of the optical beam D in 
dependence on the power density of the optical 
beam O. 

35 As in the case of Rgure 4. a plurality of poten- 

tial wells 3a.5a and 9 may be provided with, for 
example, the structure being symmetrical about a 
third potential well 9. 

The separation of the electrons and holes in 

40 use of an optical device in accordance with the 
invention will induce an internal electric field within 
the optical device which, if the separation and 
number of electrons and holes is sufficient, may 
induce energy level shifts (the so-called optical 

45 quantum confined Stark effect) sufficient to control 
switching of an optical beam having a wavelength 
in the vicinity of an appropriate absorption peak of 
the structure. Such electric fields may be signifi- 
cant in. for example, the case of Figure 7 where 

50 three potential wells 3a,5a and 9 are provided. It 
may be possible to enhance this effect, depending 
upon the material system, by providing a series of 
four or mor potential wells and barrier layers with 
cascading electron energy levels although of 

55 course the switching tim in such a case would be 
rather long. 

Figure 8 illustrates another exampi of an opti- 
cally switchabi semiconductor device 10c in ac- 
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cordance with the invention. In this example the 
optically switchable semiconductor device 10c 
comprises a high electron mobility semiconductor 
device, as shown a high electron mobility transistor 
(HEMT) and the heterostructure 2c forms the con- 
duction channel region of the HEMT 10c. 

The heterostructure 2c forming the conduction 
channel region of the HEMT 10c has the same 
energy band diagram as the heterostructure 2 illus- 
trated in Figure 1 and thus is the same as the 
heterostructure 2 shown in Figure 3 except, as will 
be appreciated from a comparison of Figures 3 and 
8, the heterostructure 2c is inverted with respect to 
the substrate 6 so that the barrier layer 8 Is pro- 
vided on the substrate 6 followed by the second 
potential well 5. 

In addition. Figure 8 shows an epitaxial buffer 
layer 6b on the substrate 6. The epitaxial buffer 
layer 6b may, as discussed above, merely be an 
epitaxial intrinsic gallium arsenide layer. However, 
although not specifically shown, an undoped super- 
lattice buffer layer may be provided on and in 
addition to the epitaxially grown gallium arsenide 
layer. The superlattice buffer layer may consist of, 
for example, alternate layers of gallium arsenide 
and aluminium arsenide layers selected to have a 
composition equivalent to an AlxGai.xAs alloy 
- where x = 0.25. Where such a buffer layer is 
provided then the buffer layer and epitaxial layer 
6b may each be about O.Sum (micrometres) thick. 
. In all other respects, that is in respect of types of 
materials and layer thicknesses, the heterostructure 
2c shown in Figure 8 may be identical to the 
heterostructure 2 shown in Figures 1 and 3. 

A capping layer 1 1 of gallium arsenide having 
a thickness of from about 10 to about 30nm and 
doped with an impurity of the one conductivity 
type, that is n conductivity in this example, to a 
dopant concentration of about 1.5 x 10^^ atoms 
cm~3 is provided on the barrier layer 7. 

Input and output or source and drain regions 
21 and 22 are formed by local diffusion of dopants 
of the one conductivity type, in this example n 
conductivity type, into the ends of the conduction 
channel region 2 from the surface so as to extend 
just into the second potential well 5. The dopants 
may be introduced from a suitably doped metal 
alloy, for example an alloy of gold with an appro- 
priate dopant, provided on the surface. So that 
subsequent source and drain electrodes 23 and 24 
provide good ohmic contact, further gold may be 
deposited onto that used to dope the source and 
drain regions 21 and 22. A suitable alloy such as a 
eutectic AuGe alloy containing 5 per cent by 
weight of nickel may be used to form the source 
and drain electrodes 23 and 24. 

A recess 25 formed by suitable masking and 
selective etching is provided between the source 



ISOOCfD: <€P (V4780fiOA>» 



and drain electrodes 23 and 24 to expose an area 
70 of the final barrier layer 7. An optical beam 
source 50 provides, as will be discussed below, an 
appropriate optical beam O directed at the exposed 
5 area 70. 

Although Figure 8 shows the heterostructure 2 
as consisting of only one first potential well 3 and 
one second potential well 5, in practice there may 
be many first and second potential wells 3 and 5 
10 separated by barrier layers similar to the barrier 
layer 4 so as to increase the current carrying 
capability of the conduction channel region 2. Also 
the or each second potential well 5 could be pro- 
vided, separated by barrier layers, between two 
/5 first potential wells 3 so that electrons can transfer 
to the second potential well from both first potential 
wells 3. The heterostructure 20 shown in Figure 4 
could be used to form the conduction channel 
region of a HEMT similar to that shown in Rgure 8. 
20 It will of course be appreciated by those skilled 

in the art that the effective mass of a hole is much 
greater than that of an electron and that accord- 
ingly the probability of tunnelling of holes is much 
less than the probability of electrons tunnelling 
25 through the barrier layer 4. 

In operation of the device shown in Figure 8, 
when an appropriate voltage is applied between the 
source and drain regions 21 and 22 and the optical 
beam source 50 provides an optical beam O with 
30 an appropriate wavelength (of the order of 750nm 
for the structure described above) equivalent to an 
energy hy equal to or greater than the electron- 
heavy hole (e-hh) exciton resonance of the first 
potential well 3 which is incident on the recess 70 
35 (as shown perpendicularly of the layers of the 
conduction channel region 2). electron-hole pairs 
are generated in the first potential well 3. 

As discussed above with reference to Figures 
1 to 7 the photogenerated electrons transfer from 
40 the first potential well 3 to the second potential well 
5 via the intermediate electron energy level e* 
provided by the barrier layer 4. The barrier layer 4 
is sufficiently thick. 8nm in the example described 
above, to inhibit tunnelling of the photogenerated 
45 holes produced in the first potential well 3 into the 
second potential well 5 and accordingly the 
photogenerated holes remain confined in the first 
potential well 3. 

The transferred electrons are thus separated 
50 from their corresponding photogenerated holes and 
provide a conduction channel in the second poten- 
tial well 5 whilst an applied voltage is maintained 
between the source and drain regions 20 and 21. 
The time for the HEMT to return to the non- 
55 conducting state when the optical beam O is 
switched off will depend on the time tak n for 
recombination of these photogenerated electrons 
and holes which is in turn governed by th time 
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taken for the holes to tunnel from the first potential 
well 3 to the second potential well 5. 

Because the electrons transferred fronn the first 
potential well 3 to the second potential well 5 
cannot readily reconnbine with holes, a high popula- 
tion of electrons can be built up in the second 
potential well 5 relatively easily and only a low 
power density, typically of the order of 1 Wcm"^, is 
required for the incident optical beam to generate 
sufficient electrons to. provide an electron current 
along the conduction channel provided by the sec- 
ond potential well 5. 

Because the electrons are provided in the first 
potential well 3 by photogeneration of electron-hole 
pairs, there is no necessity for any intentional dop- 
ing of either the potential wells 3 and 5 or the 
barrier layers 4,7 and 8 and accordingly the pos- 
sibility of scattering of the conduction electrons 
being caused by dopant impurities is significantly 
reduced, so leading to significant improvements in 
electron mobility in the conduction channel pro- 
vided by the second potential well 5. 

The current handling capability of the high 
electron mobility device 10c will depend on the 
number of second potential wells 5. However, be- 
cause in the materials system described above, the 
absorption coefficient perpendicular to the layers of 
the structure is quite small, a number of first and 
second potential wells can be provided so that the 
conduction channel is provided by a number of 
parallel second potential wells 5 which should in- 
crease the current handling capability. 

As mentioned above, the time for recombina- 
tion of the separated electrons and holes is gov- 
erned by the time taken for the holes to tunnel 
from the first potential well 3 to the second poten- 
tial well 5. This time is determined at least in part 
by the thickness of the barrier layer 4 and for the 
material system given above where the barrier lay- 
er is 8nm thickness then the recombination time 
may be. typically, of the order of 0.5 to a few 
microseconds- Accordingly, the time for the HEMT 
to return to a non-conducting state when the optical 
beam O is switched off will be determined at least 
in part by this recombination time. The switching 
off time may be shortened by decreasing the bar- 
rier thickness towards the 2.5nm minimum although 
this may require a higher power density from the 
optical beam 0 to enable switching on and conduc- 
tion of the HEMT. 

Again, the optically switched HEMT shown in 
Figure 8 has applications as an optical switch, for 
exampi for use in image processing or optical 
computing. 

The optical beam source 50 may b any on 
of the types of sources mentioned atjove and is 
selected to provide an optical beam O with at least 
a wavelength or range of wavelengths with an en- 



ergy sufficient to provide the necessary electrons 
in the first potential well 3. that is with an energy 
equal to or greater than that of the e-hh exciton 
resonance of the first potential well 3. 

5 Figure 9 shows schematically and in part 

broken away cross-section a second embodiment 
of an optically activated HEMT lOd in accordance 
with the invention. 

As can be seen most clearly from Figure 3, the 

70 heterostructure 20d of the HEMT 10d provides a 
further potential well 9 separated from the second 
potential well 5a by a further barrier layer 4a and. 
as a comparison of Figure 9 with Figures 6 and 7 
will show, the heterostructure 20d corresponds to 

75 the heterostructure 20 in the same way as the 
heterostructure 20c corresponds to the heterostruc- 
ture 2. That is, in particular, the heterostructure 20d 
is the same as the heterostructure 20 but inverted 
with respect to the substrate. Accordingly, the en- 

20 ergy band diagram shown in Figure 6 applies to 
the heterostnjcture 20d as well as the heterostruc- 
ture 20. 

In other respects, the HEMT lOd shown in 
Figure 9 is similar to that shown in Figure 8. 

25 In such a structure electrons photogenerated 

by an appropriate optical beam O* in the first 
potential well 3a rapidly transfer via the intermedi- 
ate electron energy level e* of the barrier layer 4. 
the electron energy level esa of the second poten- 

30 tial well 3a and the intermediate electron energy 
level e^a of the further barrier layer 4a to the third 
potential well 9 whilst the corresponding holes re- 
main confined to the first potential well 3a. In this 
case the separation of the electrons and holes is 

35 further increased and may further reduce the pos- 
sibility of scattering which could otherwise det- 
rimentally affect the mobility of the conduction 
electrons. 

The modified HEMT shown in Figure 9 op- 

40 erates in a manner similar to that described above 
with reference to Figure 8. Of course, the time 
required for the holes to tunnel to the third potential 
well 9 and thus the switching time of the HEMT will 
be increased. As in the case of Figure 1. a plurality 

45 of potential wells 3a. 5a and 9 may be provided 
with, for example, the structure being symmetrical 
about a third potential well 9. 

Although the devices have been described 
at>ove as being formed with AlAs barrier layers and 

50 GaAs potential wells, other lll-V semiconductor ma- 
terials could t>e used provided that the material 
used for the barrier layer{s) can provide the neces- 
sary electron energy level(s). 

Although in th arrang ments described above 

55 the differing electron energy levels of the first and 
second potential wells 3 and 5 (and the third or 
potential well 9 if provided) are achieved by adjust- 
ing the thickness of the layers, it may be possible 
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to achieve Ihis effect by using a combination of 
different materials in place of or in addition to 
varying the layer thickness, for example, by using 
InGaAs for the second potential well. 

Other semiconductor materials may be used s 
for example ll-VI semiconductor materials may be 
used or a combination of different types of semi- 
conductor materials, provided that the material 
used for the first well is a direct gap material 

Also, the present invention may be applied to w 
other semiconductor devices having controllable 
conduction channel regions. 

From reading the present disclosure other 
modifications and variations will be apparent to 
persons skilled in the art. Such modifications and ,5 
variations may involve other features which are 
already known in the semiconductor art and which 
may be used instead of or in addition to features 
already described herein. Although claims have 
been fomiulated in this application to particular 20 
combinatons of features, it should be understood 
that the scope of the disclosure of the present 
applicaton also includes any novel feature or any 
novel combination of features disclosed herein ei- 
ther explicitly or implicitly, whether or not it relates 25 
to the same invention as presently claimed in any 
claim and whether or not it mitigates any or all of 
.. the same technical problems as does the present 
invention. The applicants hereby give notice that 
new clams may be formulated to such features 30 
and/or combinations of such features during the 
prosecution of the present application or of any 
further application derived therefrom. 

Claims 



35 

1. An optically switchable device comprising a 
heterostructure defining a first potential well 
separated by a barrier layer from a second 
potential well which provides an electron en- 40 
ergy level which is lower in electron energy 
than the lowest electron energy level of the 
first potential well, characterised in that the 
bamer layer is formed so as to provide an 
mtemnediate electron energy level which is as 
lower in electron energy than the lowest elec- 
tron energy level of the first potential well but 
higher in electron energy than the lowest elec- 
tron energy level of the second potential well 
and the barrier layer is sufficiently thick to 50 
•nhibit tunnelling of holes from the first to the 
second potential well for confining holes of 
electron-hole pairs generated in the first poten- 
tial well by an incident optical beam to the first 
potential well whilst facilitating transfer of the 55 
electrons of the electron-hole pairs from the 
first potential well to the second potential well 
via the intermediate electron energy level pro- 



vided by the barrier layer. 

2. A device according fo Claim 1. further charac- 
tensed in that the first potential well is rela- 
tively narrow whilst the second potential well is 
relatively wide and so provides an electron 
energy level which- is lower in electron energy 
than the lowest electron energy level of the 
first potential well. 

3. A device according to Claim 2. further charac- 
terised in that the first and second potential 
wells are formed by layers of the same semi- 
conductor material. 

4. A device according to Claim 3. further charac- 
fensed in that the first and second potential 
wells comprise layers of gallium arsenide and 
the bamer layer comprises a layer of alumin- 
ium arsenide. 

5. A device according to Claim 4. further charac- 
tensed in that the first potential well is less 
than 3.5nm (nanometers) wide, the second po- 
tential well is greater than 3.5nm wide and the 
barner layer is greater than 2.5nm wide. 

6. A device according to Claim 5. further charac- 
tensed in that the first potential well is 2 5nm 
wide and the second potential well is 5nm wide 
and the barrier layer is 8nm wide. 

7. A device according to Claim 1 or 2 further 
characterised in that the first and second po- 
tential wells are formed by layers of different 
semiconductor material bounded by barrier 
layers so as to facilitate the provision within 
the second potential well of an electron energy 
level lower in electron energy than the lowest 
electron energy level of the first potential well. 

a A device according to any one of the preced- 
ing claims, further characterised in that the 
heterostructure defines a plurality of first and 
second potential wells. 

9. A device according to any one of the preced- 
ing claims, further characterised in that, in re- 
spect of the or each second potential well the 
heterostructure comprises a third potential well 
separated by a further barrier layer from the 
second potential well, the third potential well 
providing an electron energy level which is 
lower in electron energy than the lowest elec- 
tron energy level of the second potential well 
and the further barrier layer being formed so 
as to provide an intermediate electron energy 
level which is lower in electron energy than the 
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- lowest electron energy level of the second 
potential well but higher in electron energy 
than the lowest electron energy level of the 

- third potential well for facilitating transfer of the 
electrons from the second potential well to the 
third potential well via the intermediate electron 
energy level provided by the further barrier 
layer which is sufficiently thick to inhibit tunnel- 
ling of holes from the second to the third 
potential well. 

10. An optical switching apparatus comprising a 
device in accordance with any one of the pre- 
ceding claims, means for directing at the 
heterostructure an optical beam with a 
wavelength for generating electron hole pairs 
in the first potential well and means for control- 
ling the power density of the optical beam 
provided by the directing means for switching 
the optical beam between a first relatively low 
power density insufficient to cause exciton 
bleaching and a second relatively high power 
density for causing sufficient electron-hole 
pairs to be generated such that electrons 
transfer from the first potential well to the sec- 
ond potential well to cause bleaching of at 
least one exciton resonance of the heterostruc- 
ture to allow transmission through the 
heterostructure of an optical beam with an en- 
ergy equivalent to or greater than that of the 
exciton resonance. 

11. An optical switching apparatus according to 
Claim 10. further characterised in that means 
are provided for directing a further optical 
beam with an energy equivalent to or greater 
than that of the exciton resonance of the 
heterostructure. 



13. A method according to Claim 12, further 
characterised by directing a further optical 
beam with an energy equivalent to or greater 
than that of the exciton resonance at the 

5 heterostructure. 

14. A device according to any one of Claims 1 to 
9, further characterised in that the heterostruc- 
ture forms the conduction channel region of a 

10 high electron mobility semiconductor device. 

15. A device according to Claim 14 in combination 
with an optical beam source for providing an 
optical beam for causing photogeneration of 

15 electron-hole pairs in the first potential well. 



12. A method of controlling the absorption of an 40 
optically switchable device in accordance with 
any one of Claim 1 to 9. which method com- 
prises directing at the heterostructure an op- 
tical beam with a wavelength for generating 
electron hole pairs in the first potential well and 45 
controlling the power density of the optical 
beam so as to switch the optical beam be- 
tween a first relatively low power density in- 
sufficient to cause exciton bleaching and a 
second relatively high power density for caus- so 
ing sufficient electron-hole pairs to be gen- 
erated such that electrons transfer from the 
first potential well to the second potential well 
to cause bleaching of at least one exciton 
resonance of the heterostructure to allow trans- 55 
mission through the heterostructure of an op- 
tical beam with an energy equivalent to or 
greater than that of the exciton resonance. 
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© An optically switchable device (1) has a 
heterostructure (2) defining a first potential well (3) 
separated by a barrier layer (4) from a second 
potential well (5) which provides an electron energy 
level (es) which is lower in electron energy than the 
lowest electron energy level (es) of the first potential 
well (3). The barrier layer (4) provides an intermedi- 
ate electron energy level (e*) and is sufficiently thick 
to inhibit tunnelling of holes from the first (3) to the 



second (5) potential well. The barrier layer (4) thus 
confines holes of electron-hole pairs generated in 
the first potential well (3) by an incident optical beam 
to the first potential well (3) whilst facilitating transfer 
of the electrons from the first potential well (3) to the 
second potential well (5) via the intermediate elec- 
tron energy level (eO provided by the barrier layer 
(4). 
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